Background
Understanding diversity in life-history strategies is a long-standing focus of studies of evolutionary biology [1] [2] [3] [4] [5] [6] . Parental investment (any parental expenditure that benefits offspring fitness but reduces a parent's ability to invest in other aspects of fitness, [7] ) is a fundamental life-history trait [1, 2, 8, 9] . The magnitude of parental investment varies widely both within and across taxonomic groups (reviewed in [1, 2, [9] [10] [11] ). For example, in some species, one or both parents provide extensive care that can include provisioning, protection from predators, thermoregulation and behavioural support of offspring in intraspecific interactions (reviewed in [12, 13] ). In other species, however, post-hatching or post-oviposition parental care is entirely absent (reviewed in [9, 11] ). In such cases, parental investment often consists solely of the provisioning of resources into eggs [2] and offspring are left to fend for themselves after fertilization or asexual reproduction. Why such variation in parental investment exists in nature remains a key unresolved question in evolutionary ecology [1, 2, 8, 9] .
We currently know that variation in parental investment can be influenced by individual-and population-level factors. For example, in some cases, greater parental investment is expected when offspring mortality in the absence of care is high (i.e. when offspring need care the most [2, 14] ) and when fertilization mode is internal [10] . Likewise, parental investment can be influenced by ecological factors, such as breeding pool size [15] and predation [16, 17] . Mating systems and sexual selection are also known to influence parental investment and care (reviewed in [8, [18] [19] [20] [21] [22] ). For instance, in some cases, sexual selection can lead to the evolution of paternal care [18] .
In addition to focusing on individual-level traits and characteristics of populations, some studies have emphasized the need to consider how coevolutionary dynamics can influence parental investment (e.g. [8, 19, [23] [24] [25] ). Multiple mating by females, for instance, can lead to paternity uncertainty, which has been hypothesized to lead to the evolution of reduced paternal investment [21] (see also more recent discussion of this hypothesis in [8, 26, 27] ). Likewise, when providing care is associated with greater mortality than competing for mates, coevolutionary feedback can occur such that individuals of the non-caring sex will experience relatively low mortality, become relatively common in the population and have difficulty finding a mate; this, in turn, can lead to selection for greater parental investment by both sexes [19] .
Despite some attention on the influence of coevolutionary dynamics on parental investment and care, we still know relatively little about which traits can facilitate or inhibit the evolution of increased parental investment [25] . That is, we know little about whether certain traits are likely to co-occur and coevolve with and influence the likelihood of parental care evolving. In particular, relatively few studies focus on generating a priori predictions of which traits can facilitate the evolution of increased parental investment; this means that, in many cases, researchers are forced to rely on post hoc explanations when varying patterns of parental investment are observed (see discussion of this issue in [8] ).
To expand our understanding of how coevolutionary dynamics influence the evolution of parental investment, we focus on the relationship between the evolution of parental care, a key form of parental investment and two behaviours that initially seem contrary to care: offspring abandonment (the termination of parental investment prior to full independence in offspring) and filial cannibalism (the consumption of one's offspring). We focus on these two behaviours as species across a range of taxa abandon their young prior to independence by aborting them (e.g. [28] ), removing them from a nest or territory, or simply terminating parental care [1, 2, 9] . Likewise, filial cannibalism co-occurs with, or in some cases might precede the evolution of, care in a range of animals, including fishes, birds, mammals and insects [29] . For instance, in a species in which parental care is thought to be relatively recently evolved, the flagfish (Jordanella floridae), males both cannibalize and care for their young, suggesting that cannibalism can potentially occur relatively early in the evolution of care [30] .
Filial cannibalism and offspring abandonment are often viewed as evolutionary conundrums that are antagonistic to parental care (but see [31, 32] ). However, as of yet, it is unknown whether the co-occurrence of care and abandonment or filial cannibalism might affect the likelihood of parental care evolving. Here, we use a mathematical framework to explore whether offspring abandonment and filial cannibalism affect the likelihood that parental care will be selected for. In doing so, we identify whether co-occurrence and coevolutionary dynamics between care and abandonment or filial cannibalism can alter the conditions under which increased parental investment is expected to occur. We consider cases in which abandonment has no benefit to parents (i.e. it does not offset costs of care) and scenarios in which it benefits parents by offsetting care. Filial cannibalism is assumed to be associated with energetic benefits to parents [33, 34] . Filial cannibalism has also been found to be selective with respect to the development rate of offspring, as preferentially consuming slower developing young can reduce the duration and costs of care [35] . It is possible that abandonment might, in some cases, also depend on offspring development. As such, we additionally consider scenarios in which filial cannibalism and offspring abandonment are selective such that parents preferentially consume or abandon slower developing young. In all scenarios, abandonment or cannibalism are assumed to co-originate with care.
Material and methods (a) Model overview
We develop an evolutionary ecology model that is based on our previous theoretical work [13, 29, 31, 32, 36, 37] in which a rare mutant (i.e. a mutant strategy that is rare relative to a resident strategy): (i) provides parental care that increases offspring egg survival, (ii) provides parental care that increases offspring egg survival and exhibits offspring abandonment, or (iii) provides parental care that increases offspring egg survival and exhibits filial cannibalism. The mutant is introduced into a resident population that exhibits no abandonment, cannibalism or parental care and that is in ecological equilibrium. We then ask whether the rare mutant exhibiting parental care is more or less likely to invade the resident population of no care when offspring abandonment or filial cannibalism co-originate and co-occur with care. In doing so, we identify whether abandonment or cannibalism can inhibit or facilitate the conditions under which parental care can evolve.
In our model, we assume a stage-structured system in which individuals pass through egg and juvenile stages and then mature and reproduce as adults, as such a system is likely to be applicable to a range of animals. The mutant and resident individuals experience the same baseline conditions (i.e. the same death, maturation and reproductive rates prior to accounting for care, abandonment or cannibalism). Parental care is then assumed to be associated with benefits to offspring (increased egg survival beyond the baseline survival rate in the absence of care) and costs to the parent providing it (decreased parental survival and future reproduction). In this study, we assume that abandonment of eggs and filial cannibalism both decrease egg survival as eggs are abandoned or consumed. In some cases, abandonment and cannibalism can be beneficial to remaining offspring, particularly when offspring survival depends on within-clutch density (discussed in [32] ). In the current model, we focus on cases in which abandonment and cannibalism negatively impact young, as these are the conditions under which it is more difficult to make a priori predictions about whether abandonment or cannibalism could ever facilitate the evolution of care.
Filial cannibalism is assumed to be associated with an energetic benefit to parents, such that consuming eggs increases parental survival and future reproduction. For abandonment, we consider both scenarios in which abandonment is: (i) beneficial to parents (e.g. owing to decreased investment in abandoned young, reduced risk of predation, increased re-mating opportunities), and (ii) not beneficial to parents, which would be realistic if, for instance, care is shareable among offspring and abandoning some young does not reduce energetic investment, risk of predation or costs associated with missed mating opportunities. We also consider scenarios in which filial cannibalism and offspring abandonment are selective with regard to the development rate of young (see also [29] ). These costs and benefits of care, abandonment and cannibalism are described in detail below. To explore the evolutionary invasion potential of parental care, abandonment and cannibalism, we first identify the dynamics of the resident individuals that provide no care and exhibit no cannibalism or abandonment (see discussion of invasion analysis methods in [38] ). Resident individuals pass through an egg (E), juvenile and adult stage (A). Eggs increase as adults reproduce and decrease as eggs mature and as eggs die:
where r represents the rate of egg fertilization by individual adults in the population, d E represents egg death rate and m E represents egg maturation rate. The population has a carrying capacity of K, and adult reproduction is restricted by density-dependence.
Adults in the population increase as eggs mature and pass through the juvenile stage, and decrease as adults die, such that
where τ represents the length of the juvenile stage and σ J represents the rate of survival through the juvenile stage. The resident will be in ecological equilibrium [38] when dE=dt ¼ dA=dt ¼ 0: The equilibria are thus
and
After identifying the resident dynamics, we then identify the dynamics of mutant individuals [38] . Prior to accounting for care and benefits of cannibalism or abandonment (discussed below), the egg-stage mutant dynamics for offspring abandonment and filial cannibalism follow
The mutant strategy experiences the same general demography as the resident strategy. As with the resident strategy, mutant eggs increase in density as adults reproduce and decrease as eggs die or mature and leave the egg stage. Here, the subscript m denotes the mutant strategy of providing care and abandoning or cannibalizing offspring. The variable A* represents the equilibrial abundance of the resident adult population. The mutant is assumed to be rare (i.e. A m (t) and E m (t) are assumed to be small), and as such, mutant reproduction is limited by competition with adult residents. That is, through competition for resources that limit reproduction, mutant and resident individuals are assumed to interact. In all analyses, we assume that K m = K (i.e. mutants and residents are assumed to experience the same carrying capacity). The variable β represents the rate of behaviour-i.e. offspring abandonment or filial cannibalismboth of which decrease the number of surviving mutant eggs in this model, although they can also be associated with benefits to parents (discussed below). Specifically, the number of eggs abandoned or consumed at any point in time t will equal the rate of abandonment or cannibalism multiplied by the number of eggs present. Likewise, the number of eggs abandoned or cannibalized at time t in the population will also depend on the number of adults present in the population that exhibit those behaviours. Importantly, the baseline egg-stage dynamics for abandonment and cannibalism (equation (2.5)) are identical to one another with the exception of whether abandonment or cannibalism occurs. Both abandonment and cannibalism can be beneficial to parents in relation to offsetting costs of care. However, abandonment and cannibalism differ in that cannibalism is also associated with energetic benefits to parents. As such, cannibalism is assumed to be associated with greater benefits than abandonment (discussed below). The adult-stage mutant dynamics for both abandonment and cannibalism follow
As with the resident strategy, mutant adults increase in density as mutant eggs mature, survive and pass through the juvenile stage and decrease in density as adults die. For mutants, parents are assumed to be spatially associated with their young, although the cause of this spatial association is not explicit in our model. 
11)). Survival and reproductive costs of egg allocation (residents) follow
Benefits of parental care (mutants) follow
where a is the magnitude of the benefit of parental care. Survival and reproductive costs of egg allocation and parental care, which are offset by energetic benefits of cannibalism or abandonment, when applicable (to the mutant strategy) are
ð2:11Þ
Filial cannibalism, and in some cases offspring abandonment, offset the costs of parental care and lead to increased parental survival and reproduction relative to the no-cannibalism scenario; these benefits of cannibalism and abandonment are reflected in equations (2.10) and (2.11), where g is the magnitude of the benefit of cannibalism or abandonment.
As mentioned above, we consider scenarios in which abandonment is: (i) beneficial to parents (e.g. owing to decreased investment in abandoned young), in which case g would be greater than zero, and (ii) not beneficial to parents (e.g. because care is shareable among offspring), in which case g would be equal to zero. We assume that the benefits of cannibalizing young are greater than the benefits of abandoning young in all analyses because cannibalistic parents can potentially reduce costs of care and gain energetic benefits from eating offspring, whereas abandoning parents can only potentially offset costs of care. Thus, in all cases, g is assumed to be greater for filial cannibalism than for royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191419 offspring abandonment, and this is how these two behaviours fundamentally differ in our model. We additionally consider varying levels of benefits of cannibalism and abandonment. Specifically, large benefits of cannibalism or abandonment are likely to occur when parents consume offspring relatively early during development, as younger eggs have greater time until hatching and would also be expected to have greater nutritional content (e.g. owing to decreases in lipid or protein content throughout egg development [39, 40] ). For scenarios in which we assume low and high benefits of abandonment, g is equal to 0.5 and 0.75, respectively; for scenarios in which we assume low, moderate and high benefits of filial cannibalism, g is equal to 1, 1.5 and 1.75, respectively, such that cannibalism always offsets costs of care more than abandonment owing to the energetic benefits of consuming eggs.
In addition to considering energetic benefits, we also consider whether filial cannibalism and abandonment are in some cases selective. For example, parents might preferentially consume or abandon young that are taking a relatively long time to develop [35] . For the scenarios in which we assume that cannibalism or abandonment is selective, parents preferentially consume or abandon slower developing young. Filial cannibalism or abandonment is then assumed to result in the death of some offspring but decreases the time remaining offspring spend in the egg stage such that
where s is the magnitude of the selectivity of cannibalism or abandonment, and the maturation rate increases as the rate of filial cannibalism or abandonment and selectivity increase.
In the above scenarios, we assume nonlinear trade-offs with care and cannibalism, as nonlinear trade-offs are often thought to be biologically realistic (e.g. [11] ). However, our qualitative patterns would be expected to be unchanged if we assumed linear trade-offs [14] .
(d) Invasion dynamics and fitness
After defining the mutant and resident dynamics and trade-offs associated with care, cannibalism and abandonment, we then performed a local stability analysis to determine the magnitude and sign of the dominant eigenvalue of the invasion matrix associated with the resident and mutant dynamics. The dominant eigenvalue is the reproductive factor or growth rate of the mutant when the mutant is rare and provides a measure of fitness of the mutant strategy [38] . That is, the relative fitness of the mutant (i.e. the fitness of the mutant strategy relative to that of the resident) is measured as the growth rate of that mutant strategy, which is the dominant eigenvalue from the following matrices.
For offspring abandonment or filial cannibalism, the invasion matrix is as follows:
The components of the above matrix are derived from the dynamics of the linearized mutant strategy around the trivial steady state and are determined by the partial derivative of the demographic dynamics of the mutant. The dominant eigenvalue of the above matrix can be determined by solving the resulting characteristic equation for λ. Specifically, as τ → 0, and assuming that A m is relatively small (i.e. equal to 1 in our scenarios), taking the determinant of the above expression allows us to determine fitness (λ). When λ is greater than zero, the mutant strategy ( parental care with offspring abandonment or filial cannibalism) is associated with positive fitness and would be expected to be able to invade the resident strategy of no care/no abandonment/no cannibalism. When fitness is negative, abandonment and cannibalism are not expected to be able to evolve.
Using the above approach, we calculated the fitness associated with parental care only, parental care with offspring abandonment and parental care with filial cannibalism in relation to two key lifehistory parameters: baseline egg death rate and baseline adult death rate. We focus on these two parameters, as they have previously been found to influence the likelihood of the evolution of care (e.g. [14] ). Comparing the fitness associated with parental care only with the fitness of parental care with offspring abandonment and parental care with filial cannibalism allows us to determine if the co-occurrence of offspring abandonment and filial cannibalism with care can influence the likelihood that parental care will evolve from an ancestral state of no care.
All analyses were performed in Mathematica 8.0.1 or higher. The code and parameters used in all analyses are available at the following link: osf.io/n7qgf. Unless otherwise noted above or in a figure 
Results
The life-history conditions over which parental care will evolve depend on whether parental care occurs alone or whether it cooccurs and co-originates with abandonment or filial cannibalism (figures 1 and 2). If care co-occurs with abandonment or filial cannibalism, the benefits of abandonment or cannibalism will additionally influence the life-history conditions over which care with abandonment or cannibalism will be favoured (figures 1 and 2).
When parental care occurs alone, care is expected to result in fitness benefits when baseline egg death rate (our proxy for offspring need) and baseline adult death rate are moderate or high (figures 1a and 2a). If parents provide care but also abandon some of their offspring, care will not result in fitness benefits, regardless of baseline egg death rate (figure 1b) or baseline adult death rate (figure 2b) if abandonment does not result in benefits to parents. In this sense, abandonment that is not beneficial to parents inhibits the evolution of parental care. Importantly, we assume no density effects on egg survival, and density-dependent egg survival might alter these patterns (discussed in [31, 32] and below).
Parental care that co-occurs with abandonment that offsets costs of care can result in positive fitness at relatively high baseline egg (figure 1c) and adult death (figure 2c) rates when the benefits of abandonment to parents are relatively high ( figures 1 and 2c dashed line) . Importantly, though, even when the benefits of abandonment in relation to offsetting costs of care are relatively high, care and abandonment will be favoured over a narrower range of egg and adult mortalities relative to those of the care-only scenario (figures 1a versus c and 2a versus c). Thus, in general, abandonment that simply offsets costs of parental investment tends to inhibit the evolution of parental care.
Parental care that co-occurs with abandonment that does not offset costs of care but is selective such that parents preferentially abandon slower developing young also inhibits the evolution of care-that is, the egg and adult mortalities over which care and abandonment will be favoured is reduced when parents abandon young relative to the care-only scenario (figures 1a versus d large dashed line and 2a versus d large dashed line). By contrast, parental care that co-occurs with abandonment that is (i) selective and (ii) associated with relatively high offsets to the costs of care can marginally facilitate the evolution of care. Specifically, the egg and adult mortalities over which care and royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191419 abandonment will be favoured is broader when parents abandon young relative to the care-only scenario (figures 1a versus d small dashed line and 2a versus d small dashed line). Thus, in cases in which there are substantial and multiple benefits, abandonment can facilitate the evolution of parental care.
If parental care co-occurs and co-originates with filial cannibalism, parental care will be favoured over a narrower range of baseline egg death rates relative to the care-only scenario when filial cannibalism results in relatively small energetic gain ( figure 1a versus e solid line) , and as such, in some cases, filial cannibalism can inhibit the evolution of care. By contrast, filial cannibalism that results in relatively moderate or large energetic benefits can broaden the egg death rates over which care can evolve ( figure 1a versus e dashed lines) . Parental care that co-occurs with filial cannibalism that is energetically beneficial and selective such that parents preferentially consume slower developing young will be favoured over a broader range of baseline egg death rates relative to the no-care scenario ( figure 1a versus f ) , regardless of the magnitude of the energetic benefits of cannibalism. Thus, filial cannibalism that (i) results in relatively large energetic benefits or (ii) is beneficial to parents and is selective is expected to facilitate the evolution of care. Similarly, care that co-occurs with filial cannibalism will be favoured over a broader range of adult death rates relative to the no-care scenario when filial cannibalism is energetically beneficial to parents (figure 2a versus e) and Figure 1 . Coevolutionary dynamics influence the egg death rates over which parental care will be favoured. (a) Parental care in the absence of filial cannibalism or abandonment results in fitness benefits when baseline egg death rate is moderate to high. (b) Parental care that co-occurs with offspring abandonment that does not offset costs of care will not result in fitness benefits relative to the no-care/no-abandonment resident strategy. (c) Parental care that co-occurs with abandonment that offsets costs of care (dashed line, high benefit; solid line, low benefit) is favoured at a narrower range of baseline egg death rates relative to the care-only scenario. (d) Parental care that co-occurs with abandonment that results in relatively high benefits to parents and is selective (small dashed line) is favoured at a broader range of baseline egg death rates relative to the no-care scenario; by contrast, parental care that co-occurs with abandonment that does not offset costs of care but is selective (large dashed line) will be favoured over a narrower range of baseline egg death rates relative to the care-only scenario. (e) Parental care that co-occurs with filial cannibalism that is associated with moderate or high energetic benefits (small dashed line, high benefit; large dashed line, moderate benefit) is favoured at a broader range of baseline egg death rates relative to the care-only scenario; by contrast, parental care that co-occurs with filial cannibalism that is associated with low energetic benefits (solid line, low benefit) is favoured at a narrower range of baseline egg death rates relative to the care-only scenario. ( f ) Parental care that co-occurs with filial cannibalism that results in relatively low (large dashed line) or moderate (small dashed line) energetic benefits and is selective is favoured at a broader range of baseline egg death rates relative to the no-care scenario. Note: in all cases, fitness refers to the fitness of the mutant strategy (care with abandonment or filial cannibalism) relative to that of the no-care/no-abandonment/no-cannibalism resident strategy. (Online version in colour.)
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when it results in energetic benefits and is selective (figure 2a versus f ). Again, in this case, filial cannibalism is broadening the life-history conditions over which care can evolve. As outlined above, the precise benefits of abandonment and cannibalism will influence whether these behaviours inhibit or facilitate the evolution of care, and the benefits of abandonment and cannibalism will depend on the timing of abandonment and cannibalism. Abandonment and cannibalism that happen relatively early in development are likely to be associated with greater benefits to parents. Thus, in general, we would expect abandonment and cannibalism to facilitate the evolution of care when: (i) abandonment is selective and associated with relatively large offsets to the costs of care, which would be expected to occur when abandonment happens relatively early in development; (ii) filial cannibalism is associated with relatively large energetic benefits, which would be expected to occur when cannibalism happens relatively early in development; and (iii) filial cannibalism is energetically beneficial and selective such that parents consume slower developing young.
Discussion
Coevolution of traits can influence the conditions under which parental care is expected to evolve. If parental care co-occurs and coevolves with offspring abandonment, the loss of offspring owing to abandonment can in some cases prevent the evolution of care ( figures 1 and 2b,c) . Similarly, in some cases, filial cannibalism that is only weakly energetically beneficial to parents can reduce the life-history conditions under which care can evolve (e.g. figures 1 and 2e, solid line) . By contrast, and perhaps more surprisingly, given that filial cannibalism involves eating one's own offspring, if parental care co-occurs and coevolves with filial cannibalism, in some cases, the presence of filial cannibalism can broaden the that co-occurs with abandonment that results in relatively high benefits to parents and is selective (small dashed line) is favoured at a broader range of adult death rates relative to the no-care scenario; by contrast, parental care that co-occurs with abandonment that does not offset costs of care but is selective (large dashed line) will be favoured over a narrower range of adult death rates relative to the care-only scenario. (e) Parental care that co-occurs with filial cannibalism that is associated with low, moderate or high energetic benefits (small dashed line, high benefit; large dashed line, moderate benefit; solid line, small benefit) is favoured at a broader range of adult death rates relative to the care-only scenario. (f ) Parental care that co-occurs with filial cannibalism that results in relatively low (large dashed line) or moderate (small dashed line) energetic benefits and is selective is favoured at a broader range of adult death rates relative to the no-care scenario. Note: in all cases, fitness refers to the fitness of the mutant strategy (care with abandonment or filial cannibalism) relative to that of the no-care/no-abandonment/ no-cannibalism resident strategy. (Online version in colour.)
royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191419 conditions under which care can evolve. Specifically, if (i) there are moderate or large energetic benefits of cannibalism or (ii) cannibalism is energetically beneficial and also selective such that parents preferentially consume slower developing offspring, cannibalism can expand the range of egg and adult mortalities under which we would expect care to be able to evolve. Likewise, offspring abandonment of young prior to independence, which is typically assumed to be contradictory to care, can facilitate the evolution of care in some cases. When abandonment (i) strongly offsets costs of care and (ii) is selective such that parents preferentially abandon slower developing young, abandonment can expand the egg and adult mortalities over which care will be favoured. Previous work (e.g. [11, 14] ) suggests that parental care will be more likely to evolve when egg death rate in the absence of care is relatively high (i.e. when offspring need care the most). Our current findings suggest that this might not always be the case, and depending on how care coevolves with behaviours such as filial cannibalism and offspring abandonment, we might expect to see the evolution of parental care even in situations in which offspring need is relatively low. Additionally, if parents provide care but also abandon some of their young, the net benefits of care can in some cases be relatively low, which might in turn prevent parental care from evolving even when offspring need is relatively great.
In general, these findings highlight that it is essential to consider coevolutionary dynamics-and more specifically the traits that co-occur across evolutionary timescales-to understand, more fully, diversity in trait evolution [8, 18, 20, 24, 25, 41] . For instance, if we had focused only on the evolution of parental care and explored when care is most likely to evolve (as in [14] ), we would have missed the more complex dynamics that offspring abandonment and filial cannibalism can create, and we would have either over-or underestimated the conditions under which we would expect care to evolve. Understanding diversity in care-and any behaviour-requires that we give thought to the traits that are likely to co-occur and coevolve together. This finding that coevolution matters is consistent with work conducted in other contexts. For example, previous research has found that cooperation and choosiness are likely to coevolve on an evolutionary scale [42] , and other studies have found that the evolution of parental care can coevolve with traits such as mate preferences [18] , competition [20, 24, 26] and care that is provided by the other parent [24] .
In addition, our results highlight the importance of carefully considering costs and benefits of behaviours that potentially co-occur and coevolve together. In our model, we assume that parental care, offspring abandonment and filial cannibalism are associated with costs and benefits. As filial cannibalism is associated with energetic or nutritional gain, we assume that the benefits of filial cannibalism are greater than those of offspring abandonment, and this is the fundamental difference between abandonment and cannibalism in our model. If filial cannibalism was associated with trivial energetic benefits, this would restrict the life-history parameters under which care with cannibalism could evolve. Likewise, if abandonment or cannibalism are in some cases associated with substantial costs (e.g. owing to costs of removing young from the reproductive site or costs associated with disease transmission when parents eat offspring), then we would expect care with cannibalism or abandonment to be favoured over a narrower range of life-history parameters. In general, the finding that the evolution of care can in some cases be inhibited or facilitated by abandonment or cannibalism is directly related to the benefits and potential costs of abandonment or cannibalism.
The qualitative results of our model could be altered if we considered much larger energetic benefits to parents of filial cannibalism or abandonment, which would be expected to increase the conditions under which care with cannibalism or abandonment could evolve. Similarly, in some cases, cannibalism or abandonment might reduce the mortality of remaining offspring, particularly when offspring mortality is densitydependent. In the modelling work presented herein, we assume that offspring survival is density-independent; however, if within-clutch density affects offspring survival, then offspring abandonment or cannibalism could facilitate the evolution of parental care (see related discussion in [31, 32, 43] ). Indeed, our recent work suggests that in some cases, when egg survival is affected by within-clutch density, offspring abandonment and cannibalism can themselves function as forms of parental care and improve offspring survival [31, 32] . Regardless of the specific benefits of abandonment and cannibalism, though, our general conclusion remains the same: coevolutionary dynamics between filial cannibalism, offspring abandonment and parental care are likely to influence the conditions under which care can evolve, and to understand fully the evolution of parental investment and care, we must consider the traits that are likely to co-occur with care.
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